Objectives-Up to 70% of endometrioid endometrial cancers carry PTEN gene deletions that can upregulate mTOR activity. Investigational mTOR kinase inhibitors may provide a novel therapeutic approach for these tumors. Using a xenograft tumor model of endometrial cancer, we assessed the activity of mTOR and downstream effector proteins in the mTOR translational control pathway after treatment with a dual mTOR Complex 1 and 2 (mTORC1/2) catalytic inhibitor (PP242) compared to that of an allosteric mTOR Complex 1 (mTORC1) inhibitor (everolimus, RAD001).
Keywords mTOR pathway; endometrial cancer; rapamycin; preclinical study; translational regulation; eIF4E; 4E-BP
Background
Endometrial cancer is the most common gynecologic malignancy, with almost 50,000 new diagnoses and more than 8,000 deaths estimated to occur in the United States in 2013 [1] . While most women with endometrial cancer are diagnosed at an early stage owing to symptoms of irregular bleeding, approximately 15% of diagnoses are made at stages III or IV, with five-year survival rates ranging from 20-50%. Patients with advanced or recurrent disease have limited treatment options. Despite many recent advances in cancer therapy, there has been little improvement in survival for this patient population over the past 30 years [2] . Current treatment standards include surgical cytoreduction followed by adjuvant chemotherapy and/or radiation, with a possible addition of hormonal therapy. In recurrent disease, a variety of cytotoxic chemotherapy agents with or without radiation can be used for systemic or local disease control. Few, if any, of the treatments presently regarded as "standard of care" exploit known molecular alterations common to endometrial cancer as a target for therapy, [2, 3] with the exception of hormonal therapy. However, hormonal agents tend to have limited efficacy in poorly differentiated cancers, which comprise the majority of advanced and recurrent cases [2, 3] .
Most endometrial cancers are of endometrioid histology [4] . Endometrioid and nonendometrioid endometrial cancers have distinct molecular alterations that provide potential new therapeutic targets [2, 3] . Up to 83% of endometrioid endometrial cancers have mutations in the tumor suppressor phosphatase and tensin homologue (PTEN) pathway [4] , making proteins in this pathway natural targets in the treatment of these cancers. The protein phosphatase encoded by the PTEN gene has multiple anti-cancer activities. It maintains cell cycle arrest at the G1/S checkpoint, upregulates pro-apoptotic pathways controlled by the protein kinase Akt, and downregulates pro-survival anti-apoptotic pathways. When functioning normally, PTEN also prevents focal adhesion formation and cell spread, and serves as an inhibitor of mTOR pathway activation [5] . Therefore, loss of normal PTEN function results in aberrant cell proliferation, apoptotic escape, and abnormal cell spread [6] , as well as increased mTOR activation [7] [8] [9] . This increase in mTOR activation subsequently increases protein synthesis necessary to sustain these aberrant, proproliferative activities in endometrial cancer [5] . In molecular terms, loss of PTEN activity results in increased phosphorylated and activated Akt, which can hyper-activate mTOR and stimulate mRNA translation. This in turn results in an overall moderate increase in protein synthesis, and a selective larger increase in the translation of angiogenic, DNA damage and repair, survival and pro-proliferative mRNAs [10] . Thus, restoring normalcy to the mTOR pathway, which is upregulated or hyperactivated in many endometrioid endometrial cancers, represents an attractive molecular target for treatment.
and temsirolimus are allosteric mTOR inhibitors that block only mTORC1 activity. Rapalogs have been shown to have activity in endometrial cancer in both cell culture [9, 12, 13] and clinical studies [14] [15] [16] . However, rapalogs as anti-cancer agents represent a compromised approach. They only weakly inhibit mTORC1, and they have been linked to increased Akt activity by positive feedback regulation from loss of mTORC1 suppression of PI3K/Akt by IRS1, and from mTORC2 itself [14, 15] . Thus, suppression of only mTORC1 may ultimately upregulate cancer cell proliferative pathways. An agent that dually inhibits both mTORC1 and 2, such as a catalytic mTOR inhibitor, would theoretically result in improved anti-tumor activity compared to a rapalog [5] .
Our study was designed to evaluate the anti-tumor activity of a catalytic mTORC1/2 inhibitor (PP242) compared to everolimus (RAD001), a rapalog, in an animal model of endometrioid endometrial cancer. Using a xenograft tumor model of endometrial cancer, we assessed the activity and expression of downstream proteins in the mTOR pathway after treatment with an mTORC1/2 inhibitor (PP242) or an allosteric mTORC1 (RAD001) inhibitor, with and without concurrent DNA damage chemotherapy with carboplatin. This paper presents our preclinical data in support of the clinical development of mTORC1/2 inhibitors for the treatment of endometrioid endometrial cancers.
Materials and Methods

Cell lines
Pilot studies of multiple endometrial cancer cell lines were conducted to establish tumorigenicity of various lines. These studies demonstrated enhanced tumorigenicity of the AN3CA cell line compared to other endometrial cancer cell lines tested (Hec1A and Hec1B) based on increased mean tumor volume 26 days after injection (Hec1A 122 mm 3 ; Hec1B 123 mm 3 ; AN3CA 1232 mm 3 ). Further, AN3CA cells, isolated from a metastatic lesion in the lymph node of a patient with advanced endometrial cancer, produce poorly differentiated and platinum-resistant malignant tumors, and mirror more closely the clinical-pathologic characteristics of more aggressive endometrial cancers that would have a higher propensity toward recurrent or metastatic disease. Based on these findings, the human grade 3 endometrial adenocarcinoma cell line AN3CA was chosen for study. This cell line has previously been demonstrated to be PTEN negative, reflective of the majority of recurrent and metastatic endometrial cancers [16] . Cells were cultured at 37°, 5% CO 2 in Minimum Essential Medium (Cellgro) supplemented with 10% fetal bovine serum, sodium pyruvate, and penicillin/streptomycin.
Tissue culture cell treatment protocols
AN3CA cells were plated in 6-well plates, then treated for 5 or 10 h with: (1) control vehicle; (2) carboplatin, 125 µg/ml; (3) PP242, 2.5 µM; (4) PP242 (2.5 µM) + carboplatin (125 µg/ml); (5) RAD001, 100 nM; (6) RAD001 (100 nM) + carboplatin (125 µg/ml). After treatment, immunoblot analyses were performed on cell lysates to assess activation of the mTOR pathway.
Xenograft animal tumor model
All studies were approved by the NYU School of Medicine Institutional Animal Care and Use Committee (IACUC), and conducted in accordance with IACUC guidelines. Female BALB/c nu/nu mice, age 5 weeks, were obtained from Taconic Farms, Inc. 2×10 6 cells were injected subcutaneously in the right flank in a total volume of 100 µl (50 µl RPMI and 50 µl Matrigel), using a 26-gauge needle. When mean tumor volume was approximately 160 mm 3 calculated using external calipers and the standard formula for volume of an ellipsoid (π/6 × (larger diameter) × (smaller diameter)), mice were randomized into 6 groups, stratifying for average tumor volume. Each treatment group consisted of 7-8 mice and studies were repeated twice.
Xenograft tumor model treatment protocols
Treatment was conducted for 4 weeks. RAD001 and PP242 were administered on days 1-5 of each week. In groups in which carboplatin was also administered, this was injected on day 2 of the cycle. Mice were randomized into the following treatment groups: (1) control, treated by oral gavage with vehicle, 100 µl polyvinylpyrrolidone (PVP) + 5% Nmethylpyrrolidone; (2) single agent PP242, 100 mg/kg PP242 in 100 µl by oral gavage (suspended in 15% PVP + 5% N-methylpyrrolidone as per manufacturer instructions); (3) PP242/carboplatin, treated as in group 2 with the addition of weekly carboplatin, 50 mg/kg injected on day 2 of weekly treatment cycle in total volume of 125 µl; (4) carboplatin, weekly at 50 mg/kg; (5) RAD001, at 2.5 mg/kg RAD001 in 100 µl by oral gavage (suspended in PBS + 10% DMSO); and (6) RAD001 + carboplatin, treated as in group 5 with the addition of weekly carboplatin as in group 4.
Assessment of xenograft tumor treatment response and toxicity
Tumor size was monitored twice per week as described above. Mice were weighed weekly and percentage weight change was used as a standard measure of toxicity.
Immunoblot analyses of tumor mTORC1/2 pathway response to treatment
Following treatments of tissue culture cells, cells were washed twice in ice-cold PBS and lysed at 4°C or 0.5% SDS lysis buffer [17] . NP-40 lysates were clarified by centrifugation at 13,000×g for 10 min and protein concentrations were determined for each sample by Bradford assay (Bio-Rad, Hercules, CA). To determine the total levels and phosphorylation status of specific proteins, equal amounts of protein were resolved by SDS-PAGE and analyzed by Western immunoblotting with specific antibodies as indicated. The phosphorylation status of most proteins was determined by immunoblotting membrane first with phospho-specific antibody then stripping the membranes using Restore Western blot stripping buffer (Pierce), followed by re-probing membranes with non-phospho-specific antibodies.
For tumor immunoblotting studies, at 2 h following the last treatment, mice were sacrificed and tumors were rapidly harvested into RIPA buffer [17] . Tumors were extracted by homogenization in RIPA buffer using a Tekmar tissumizer followed by centrifugation at 4°C for 10 min at 13,000 × g to remove insoluble material. Protein concentration was determined using the Biorad DC Protein Assay. To determine the total levels of specific proteins, equal amounts of protein from lysates were resolved by SDS-PAGE and analyzed by immunoblotting with specific antibodies.
Antibodies
For immunoblotting, the following antibodies were used. Rabbit anti-Akt, rabbit antiphospho-Akt S473, rabbit anti-S6, rabbit anti-phospho S6 (S240/244), rabbit anti-4E-BP1, rabbit anti-phospho-4E-BP1 (S65), all used at 1:1000 dilution (Cell Signaling); mouse anti-α-actin, 1:2000 (BD Pharmingen). Samples were separated by SDS-PAGE and transferred to PVDF membranes (Millipore). The Enhanced Chemiluminescence (ECL, GE Healthcare) procedure was used to detect protein signals as described by the manufacturer.
[ 35 S]-Methionine incorporation assay
Cells were labeled with 50 µCi of [ 35 S]-methionine/cysteine per mL (Easytag Express Protein Labeling Mix, Perkin Elmer) in Met/Cys-free DMEM with 5% FBS for 20 min, lysates prepared and specific activity of [ 35 S]-methionine/cysteine incorporation into nascent protein was determined by trichloroacetic acid (TCA) precipitation onto GF/C filters and liquid scintillation counting. Studies were repeated three times and data presented as mean with standard error of the mean (SEM).
Statistical analyses
Mean tumor volume in each group was calculated at each measurement date, and these values were normalized to the mean starting tumor volume in each respective group. This allowed for assessment of relative tumor growth, independent of starting volume. Tumor growth curves were plotted, and SEM was calculated and applied to these graphs. Tumor volume was compared between groups using ANOVA.
Results
Catalytic inhibition of mTORC1/2 provides more effective blockade of mTOR downstream signaling and protein synthesis than rapalog inhibition of mTORC1
We assessed the effect of catalytic and allosteric inhibition of the mTOR pathway on treatment of AN3CA cells in tissue culture. Because phosphorylation of mTOR itself is considered an unreliable marker of its activity [11] , we utilized two downstream phosphorylation targets and effectors of the mTORC1 pathway, ribosomal protein S6 and the eIF4E inhibiting protein 4E-BP1. While many studies rely solely on analysis of S6 or S6 kinase (S6K) phosphorylation as a marker for mTORC1 activity, these are considered less reliable than 4E-BP1 because they more poorly interact with mTORC1 and are more readily inhibited with small reductions in mTORC1 activity [11, 18] . Cells were treated for 5 h or 10 h with 2.5 µM PP242 or 100 mM RAD001. Analysis of P-S6 levels showed effective inhibition by both RAD001 and PP242, whereas only catalytic inhibition by PP242 showed strong downregulation of 4E-BP1 phosphorylation (Fig. 1A) . The inability of rapalog RAD001 to strongly block mTORC1 activity was observed at both 5 h and 10 h time points, indicating that this is a steady-state response, regardless of co-treatment with carboplatin at DNA damaging levels (125 ng/ml). There was no change in total protein levels for any of the biomarker proteins. In addition, the PP242 treatment groups demonstrated a marked decrease in levels of phosphorylated Akt, not seen in cells treated with RAD001 or in the control or carboplatin treatment groups. We note as well that PARP cleavage, a marker of induced cell death, was strongly increased only in cells treated with the catalytic mTORC1/2 inhibitor.
The greater inhibition of mTORC1 by catalytic compared to allosteric rapalog inhibitors also was associated with greater reduction in protein synthesis (Fig. 1B) . Cells treated for 5 h with PP242 at 2.5 µM or RAD001 at 100 mM were subjected to metabolic labeling with 35 S-methionine and protein specific activities determined to measure de novo protein synthesis activity. RAD001 reduced overall protein synthesis by approximately 15%, in keeping with typical results in the literature, whereas PP242 reduced protein synthesis activity by almost half, consistent with the greater phosphorylation and activation of the eIF4E/translation inhibitor, 4E-BP1.
Effective control of endometrial tumor growth by mTORC1/2 inhibition in a xenotransplant animal model
We utilized a xenotransplant animal tumor model of endometrioid endometrial cancer and a clinically relevant co-treatment strategy involving weekly carboplatin to assess the effectiveness of catalytic compared to rapalog inhibition of the mTOR pathway in tumor control. Animals were injected subcutaneously in the flank with equal numbers of AN3CA tumor cells, then randomized into treatment groups when the average tumor volume reached 160 mm 3 . The mean tumor volume in the treatment groups ranged from 122 mm 3 to 191 mm 3 . Animals were treated as described in Methods for four weeks and tumor volumes measured throughout that period. At treatment completion, the average smallest tumor volume was in the PP242/carboplatin group, at 553 +/− 130 mm 3 , compared to an average of about 4800 +/− 554 mm 3 in the untreated control and single agent RAD001 groups (Fig.  2 , Table 1 ). The difference in mean tumor volume was statistically significant when comparing tumor volume in the PP242/carboplatin group with mean tumor volumes in all other treatment groups at the completion of treatment (P <0.001).
As shown in both the averaged data ( Fig. 2) and individual tumor treatment responses by waterfall plot analysis for a representative set of studies (Fig. 3) , the PP242/carboplatin treatment group had the largest treatment effect with smallest tumor volume at the end of treatment. The group treated with PP242 alone also demonstrated a marked effect, but with tumors approximately twice as large as those in the combination PP242/carboplatin group at the end of treatment. Single agent RAD001 had no effect on tumor size and was not statistically different from the untreated controls. There was some antitumor activity in the RAD001/carboplatin group, with mean tumor reduction of almost half, though not nearly as striking as seen in the PP242/carboplatin group. Single agent carboplatin was ineffective and not statistically different from the untreated control group. The treatment effect seen in the PP242/carboplatin group was statistically significant when compared with the other treatment groups combined. This treatment effect was also clinically significant, as tumors in the PP242/carboplatin group exhibited a 90% reduction in mean tumor volume compared to those in the control group at the completion of treatment (P<0.001).
Comparison of treatment toxicities for catalytic and allosteric mTOR inhibitors in a xenotransplant animal tumor model
Toxicity of the different treatment protocols was measured by percentage of animal weight change during treatment (Table 2) . Mice in the group with the greatest treatment effect (PP242/carboplatin) exhibited a mean −3.0% weight change compared to mice in the group with the least treatment effect (control), which gained the most weight (+13.8%), a part of which was tumor weight.
Effect of catalytic mTORC1/2 or allosteric mTORC1 inhibition on the downstream mTOR effector pathway in xenotransplant tumor tissues
Analysis of the tumors in mice across treatment groups demonstrated the superior blockade by mTORC1/2 inhibitors on downstream effectors of the mTOR pathway. Representative immunoblot analyses were performed on excised tumors taken at 2 h post-final treatment (Fig. 4) . While there is greater variability in response to treatment of tumors compared to tissue culture cells, as expected, representative tumors provided several key findings. First, the inadequacy of relying on reduced S6 protein phosphorylation as a measure of mTOR inhibition was apparent. S6 protein phosphorylation was strongly reduced in tumor lysates from both RAD001 and PP242 treated samples independently of tumor treatment response. In contrast, only mTORC1/2 inhibition with PP242, and not mTORC1 inhibition with RAD001, strongly reduced phosphorylation of 4E-BP1, a more stringent measure of mTORC1 inhibition and consistent with much greater tumor response. These data confirm those of tissue culture. Second, only catalytic mTORC1/2 inhibition (PP242) resulted in strong downregulation of AKT activation, shown by the striking reduction in P-AKT at Ser 473, which was not observed in rapalog treated tumors under any conditions. Thus, these data provide evidence for the importance of inhibiting mTORC2 and blockade of the Akt upregulatory loop in tumor control. Third, neither mTORC1/2 inhibition with PP242, nor mTORC1 inhibition with RAD001, resulted in reduction of the steady state levels of mTORC1 effector proteins. These data suggest the importance of achieving significant inhibition of mTOR activity through catalytic inhibition and its association with strong tumor treatment response.
Discussion
There is a clear need for more effective, biomarker-directed treatment strategies in advanced and recurrent cases of endometrioid endometrial cancer [2, 3] . The use of PI3K inhibitors relies on evidence suggesting that activating mutations in PI3K/Akt pathway (PIK3CA) and inactivation of p53 confer a poor prognosis in endometrial cancer [19, 20] . However, the clinical implementation of PI3K/Akt inhibitors has been limited by toxicity and resistance [3, 21] . Given that hyperactivation and possibly overexpression of mTOR occurs in many endometrial cancers and cell lines [5, 7, 8, 22, 23] , and that many of these tumors have mTOR activating loss of PTEN [5, 24] , interest has grown in the use of mTOR inhibitors in the treatment of endometrial cancer. mTOR inhibition is further downstream than PI3K/Akt inhibition and therefore may be better tolerated. Cell culture and tumor explant studies using rapalogs such as rapamycin and its esters, support their modest efficacy in endometrial cancer cell inhibition [9, 12] . A small clinical trial of temsirolimus (CCI-779), an ester of rapamycin, in treatment naïve or prior chemotherapy treated women with endometrial cancer, showed encouraging single agent activity that was higher in the treatment naïve group [25] . Completion of a recent Phase II trial with single agent everolimus (RAD001) in patients with recurrent or metastatic endometrial cancer refractory to chemotherapy showed on average a 36% rate of response and stable disease for 3 months [26] , similar in response and duration to several other studies of rapalog mTOR inhibitors in advanced endometrial cancer [27] [28] [29] [30] [31] .
Inhibition of the mTOR pathway with concurrent chemotherapy and/or anti-hormonal therapy remains an attractive approach for control of advanced endometrial cancer. Nevertheless, it is apparent that potentially intractable features of rapamycin-based therapy limit efficacy. We therefore explored the novel class of dual mTORC1/2 catalytic inhibitors in a preclinical model of endometrioid endometrial cancer.
Treatment with a dual mTOR inhibitor resulted in notable tumor growth inhibition in this xenograft model of high grade, PTEN-negative endometrial cancer. The addition of a DNA damaging agent, carboplatin, potentiated this effect. In comparing the activity of a dual mTORC1/2 inhibitor (PP242) with that of the clinically available rapalog everolimus (RAD001) that acts only on mTORC1, PP242 exhibited superior antitumor activity as single agent and with concurrent carboplatin. Notably, single-agent carboplatin had minimal antitumor activity in our model. The platinum-refractory nature of our model is a reflection of the high grade of the cell line that we chose and its recurrent metastatic presentation. Despite this, therapy with PP242 or RAD001 in combination with carboplatin resulted in significant tumor growth inhibition. These results demonstrate potentiation of the anti-tumor effect that PP242 and RAD001 have on abnormal cell proliferation by DNA damaging agents including carboplatin, improved over the cytotoxic activity that genotoxic DNA damaging agents have when used alone.
Immunoblot analyses of lysates of cells treated with PP242 vs. RAD001, with or without carboplatin, demonstrated that dual mTORC1/2 inhibition strongly reduces activation of effector proteins in the mTOR pathway, particularly 4E-BP1. Further, this abolished any evidence for the upregulation of Akt activity, which likely is the mediator of rapalog-related treatment efficacy concerns. Importantly, we also demonstrated that reliance solely on S6 phosphorylation as a surrogate measure of mTOR activity is unreliable. Use of S6 phosphorylation to measure mTORC1 activity is standard practice in many preclinical and clinical studies. Improved inhibition of mTORC1 by catalytic mTOR inhibition much more strongly blocked its activity and in turn reduced protein synthesis than is achievable with an allosteric, rapamycin-based mTOR inhibitor. Hypophosphorylation and the inhibition of Akt upregulation as a result of inhibition of mTORC2 is also likely responsible for the striking tumor response seen in PP242 treated cells, as Akt is both an activator of mTORC1 and a direct downstream effector of mTORC2 [32] .
Immunoblot analysis of tumors from mice in the different treatment groups confirmed findings noted in cell culture, that activation (phosphorylation) of Akt is much better inhibited by a dual mTORC1/2 inhibitor than by a rapalog. Despite the greater complexity of an animal model than tissue culture studies, the clear decrease in phosphorylated Akt in animals treated with PP242, and the much greater reduction in mTORC1 activity compared to animals treated with RAD001, likely accounts for much of the improved anti-tumor response and benefit of addition of carboplatin.
Clinical trials have demonstrated that PTEN status is an inconsistent and possibly irrelevant predictor of efficacy for mTOR inhibitors. Further study is warranted to assess the activity of dual mTORC1/2 kinase inhibitors in those endometrial cancers with normal PTEN phenotype, although this constitutes a minority of recurrent and high grade clinical presentations. Future studies of interest may involve use of an intraperitoneal tumor model and employ imaging modalities to assess treatment response. From the present study, it is clear that dual mTORC1/2 kinase inhibition results in significant, superior anti-tumor activity in a high grade, PTEN-negative xenograft model of endometrioid endometrial cancer compared to rapalog treatment, even with the addition of concurrent carboplatin. In fact, in this model, treatment with a rapalog did not even outperform the control untreated group. Based on our current study, dual mTORC1/2 kinase inhibitors warrant further investigation as a potential treatment for endometrioid endometrial cancers.
Highlights
• Catalytic mTORC1/2 inhibition demonstrates clear efficacy over rapamycin approaches in endometrial tumor models AN3CA endometrial tumor average response to treatment in a xenotransplant mouse model. Female BALB/c nu/nu mice were injected subcutaneously in the right flank with 2 × 10 6 AN3CA cells, then mice randomized into treatment groups when tumors were 160 mm 3 . RAD001 (2.5 mg/kg) and PP242 (100 mg/kg) were administered by gavage on days 1-5 of each week, carboplatin (50 mg/kg, i.p.) was given on day 2 of the weekly cycle. Tumor sizes were determined by precision caliber twice weekly. Results represent the mean with SEM of two independent studies of 7-8 mice per treatment arm. Effect of PP242 catalytic and RAD001 allosteric rapalog inhibitors on mTOR downstream effector protein phosphorylation in AN3CA endometriod tumors. Equal amounts of soluble protein extracts obtained from individual representative tumors were resolved by SDS-PAGE and analyzed by protein immunoblotting with specific antibodies as shown. Phosphorylation immunoblotting of proteins was determined by immunoblotting membrane first with phospho-specific antibody then stripping the membranes followed by re-probing with nonphospho-specific antibodies. ECL was used for detection. Extracts were prepared 2
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